Background: "Complete Extrapolation" of efficacy from adult or other pediatric data, to the pediatric population, is an important scientific tool that reduces the need for pediatric efficacy trials. Dose finding and safety studies in pediatrics are still needed. "No Extrapolation" requires 2 pediatric efficacy trials. "Partial Extrapolation" eliminates the need to conduct 2 pediatric efficacy trials; 1 efficacy or exposure/response study may be sufficient. We examined pediatric extrapolation from 2009 to 2014 evaluating any changes in extrapolation assumptions and the causes for these changes since a prior analysis published in 2011. Methods: We reviewed all 157 products with 388 pediatric studies submitted to the FDA from 2009 through 2014. We assessed whether efficacy was extrapolated from adult or other pediatric data and categorized extrapolation as Complete, Partial, or No, and identified the reasons for the changes. Results: Partial extrapolation decreased, whereas use of No and Complete extrapolation noticeably increased. Complete, Partial, or No extrapolations changed from 14%, 68%, and 18% in the 2011 study to 34%, 29%, and 37% respectively in the current study. The changes were mostly due to a better understanding of pediatric pathophysiology, why trials have failed, and improved endpoints. Conclusions: Evolving science and data obtained from clinical trials increases the certainty of extrapolation assumptions and drives decisions to utilize extrapolation. Lessons learned from the conduct of these trials are critical to improving evidence-based medicine. Extrapolation of Efficacy is a powerful scientific tool that streamlines pediatric product development. Increased knowledge and evolving science inform utilization of this tool.
Background
Despite tremendous efforts over the past decades, off-label medicine use in pediatric populations is still at an undesirable level of 40% and up to 90% in neonates. 1 Evidence-based medicine is required for adults and nothing less so for the dynamic, growing, and developmentally changing pediatric population. Appropriate product labeling and subsequent prescribing are the derivatives of evidence-based medicine. Pediatric trials are unique for several reasons: small number of patients, limited physiologic data, and ethical complexity increase the difficulty and costs of pediatric trials. Compounding these issues are the broad physiologic changes inherent in the pediatric population.
Extrapolation is defined as "to infer unknown data from known data." Extrapolation of Efficacy can be used to increase the efficiency and successful completion of pediatric trials. Extrapolation of Efficacy from adult or other pediatric data has facilitated the conduct of pediatric product development trials, subsequent marketing approval, and labeling. 2 This approach reduces the number of children that need to be enrolled and the type of clinical trials that need to be conducted for pediatric product marketing approval. In 1994, the Food and Drug Administration (FDA) finalized a set of rules for the extrapolation of efficacy to the pediatric population from adequate, well-controlled studies with adults. 3 Such extrapolation depends on a series of evidence-based fundamental assumptions that the course of the disease and the expected response to therapy in the adult and pediatric populations are similar. 2 Another important component, after extrapolation has been deemed possible, is the determination of dose and exposure response parameters in pediatrics, as compared to the reference adult or other population. Safety assessments are almost always required to be obtained in the pediatric population. [3] [4] [5] [6] Based on data from 1998 to 2009, we found that 60% of pediatric drug development programs required at least one adequate and well-controlled efficacy trial. FDA identified the need for a consistent approach to define and establish disease and treatment response similarity. 2 In our current analysis, we examined the use of extrapolation from 2009 through 2014, and any changes in the scientific assumptions forming the basis of extrapolation.
Methods
We focused on pediatric studies submitted from March 2009 through 2014. For the studies conducted, and for which there was subsequent pediatric labeling, we retrieved study information from FDA's Document Archiving, Reporting & Regulatory Tracking System (DARRTS), or the FDA Document Room. We reviewed and tabulated the contents of the submitted studies and the final labeling according to drug and therapeutic indication.
We assessed the use of Extrapolation of Efficacy (ie, No Extrapolation, Partial Extrapolation, or Complete Extrapolation) based upon the same criteria and algorithm as previously described. 2 Briefly, the approach would be classified as No Extrapolation when disease progression and treatment response are assumed to be different in adult and pediatric patients. Although 2 adequate and well-controlled trials are usually required to demonstrate efficacy in the pediatric population, alternative approaches may be utilized in certain situations such as rare disease. 7 Pharmacokinetic (PK) studies are also conducted to establish the correct dose, along with safety assessments.
However, a few exceptions (ie, pediatric oncology products for solid tumor treatment), owing to the nature of the disease, are classified as "No Extrapolation," even though only one efficacy study was required. Solid tumors in pediatric patients are biologically distinct from solid tumors in adults. Effective therapies also are limited. Therefore, activity of the therapy is usually assessed in one trial with a limited number of pediatric patients, by measuring disease-specific surrogates or clinically relevant end points. 2 In other indications, one adequate and well-controlled trial in the appropriate pediatric population is usually considered necessary to establish efficacy when "Partial Extrapolation" is being used.
"Complete Extrapolation" involves robust data to support the assumptions that adult and pediatric disease progressions and responses to the intervention are similar, or the exposureresponse relationship in adult and pediatric populations is established. Safety data in the pediatric population are still necessary. The effective dose is identified by matching systemic exposures between adult and pediatric populations.
Complete Extrapolation of pediatric efficacy is supported by pediatric PK and safety data or, in certain cases, pediatric safety data exclusively. 2 Partial Extrapolation is utilized when disease progression and treatment response are similar, but there is uncertainty about the degree of similarity of disease progression and/or treatment exposure-response relationship between adult and pediatric patients. The pediatric evidence required to support Partial Extrapolation ranges from a single adequate, wellcontrolled trial to confirm efficacy, to a PK/ pharmacodynamic (PD) exposure-response study to confirm response in the pediatric population. The latter can be used to confirm the similarity of the exposure-response relationship when sufficient clinical evidence exists to support the assumptions that disease progressions and responses to intervention are similar in the adult and pediatric populations, and when there is a PD measurement that can predict efficacy in the pediatric population. 2 
Results
We reviewed 388 pediatric studies, including studies submitted in response to 97 FDA-issued Written Requests (WR), representing all of the 157 drug products that had a pediatric claim. Because a WR is issued for a particular active moiety, more than one drug product may be involved. Figure 1 shows the landscape of using an extrapolation approach across different disease areas and indications. Table 1 Evolving science and knowledge have driven the changes in the extrapolation approach. Table 2 provides examples where the Extrapolation of Efficacy has shifted over time due to increased certainty of extrapolation assumptions from evolving science and knowledge. For example, the extrapolation approach for products to treat children with partial-onset seizure (POS) in age 4 years and older has shifted from Partial to Complete Extrapolation. In contrast, the extrapolation approach for products indicated for some conditions (infantile gastroesophageal reflux disease [GERD], pediatric type 2 diabetes mellitus, intraocular hypertension, etc.) has shifted from Partial to No Extrapolation. Additionally, the efficacy of topical nasal sprays for rhinitis was initially extrapolated completely from adults and older age groups to children less than 6 years of age. Studies with children 6 years of age are now required because the disease is not considered sufficiently similar to that in older children or adults to permit complete extrapolation.
Furthermore, pediatric dominant diseases or evolution in marketing requirements for pediatrics has contributed to the increase in No Extrapolation. Products for the treatment of pediatric rare diseases with no adult counterparts, such as osteogenesis imperfecta and McCune-Albright syndrome, increased from 2% in the previous analysis, to 6% in our current analysis. This contributed to the increased numbers of No Extrapolation. An FDA approved treatment for exocrine pancreatic insufficiency was not available until April 2004. At that time, the FDA declared that all orally administered pancreatic enzyme products are considered new drugs and will require the submission and approval of a New Drug Application (NDA) if manufacturers wished to continue marketing their products. Subsequently, the efficacy of the six enzyme replacement therapy for pancreatic insufficiency, submitted to the FDA from 2009 to 2014, had to be demonstrated in two adequate and wellcontrolled trials in pediatric patients.
Discussion and Conclusions
Extrapolation of Efficacy plays a major role in pediatric drug development, subsequent marketing approval, and labeling to reduce off-label medicine use in children. The use of Complete, Partial, or No Extrapolation has shifted over time. Extrapolation of Efficacy needs to be implemented using the best knowledge available to support similarity and differences between pediatric and adult populations and should be routinely reevaluated as knowledge increases over time. As noted in this paper, decisions of whether or not to use and how to use Extrapolation of Efficacy in pediatric drug development evolve with the new evolving science and knowledge.
The evidence to support disease similarity and therapeutic response similarity are the fundamental questions that must be answered to utilize the approach of Extrapolation of Efficacy. Consistent with our previous publication, these similarities were assessed based on the data from human and nonclinical studies associated with disease pathogenesis, criteria for disease definition, clinical classification, measures of disease progression, pathophysiologic, histopathologic, and pathobiological characteristics. Advances in understanding of data derived from multiple sources (eg, sponsor clinical study data submissions) have increased the degree of certainty in determining the similarities or differences between pediatric and adult patients in disease progression and treatment response over time. Knowledge gained from failed pediatric trials that (18) did not result in a new pediatric indication has also contributed to this increase in knowledge. 8 
Impact of Evolving Science and Knowledge on the Changes in the Extrapolation Approach
Changes in the approach to extrapolation in Table 2 are based on current scientific data and experience from human and nonclinical studies. First, the extrapolation approach shift has been driven by the advance in understanding disease pathophysiology and progression. This can be illustrated by the change in extrapolation strategy for POS in children age 4 years and older. After 15 years of collective efforts among the FDA, academia, and industry, a total of 30 POS trials have been analyzed. [9] [10] [11] Based on this analysis, the Agency concluded that POS in children 4 years of age and older, when compared to adults, has a similar disease progression, response to intervention, and exposureresponse. Thus, the FDA issued a Policy Letter in 2015 to allow Complete Extrapolation of efficacy to be applied in this situation. Additional safety and pediatric dosing data are required from the pediatric population.
Another example, as shown in Table 2 , is the shift over time from Partial to No Extrapolation in the extrapolation approach for products to treat infantile GERD. This evolved because the accumulated information on GERD in pediatrics has suggested that the course of GERD in adults is not sufficiently similar to the course of pathologic gastroesophageal reflux in infants to permit extrapolation. [12] [13] [14] [15] [16] As stated in the Results section, the extrapolation approach for intraocular hypertension treatment products changed from Partial Extrapolation in Dunne's report to No Extrapolation in our current analysis. The pediatric indication for pilocarpine was approved in 2010 based on the reported evidence from more than two adequate and controlled prospective efficacy studies in the pediatric population. [17] [18] [19] This would fit in the No Extrapolation category. However, given that the course and pathophysiology of intraocular hypertension and the treatment effect are currently considered sufficiently similar in adults and pediatric patients, [17] [18] [19] [20] [21] it would be reasonable to take a future approach of Complete Extrapolation of efficacy for the pediatric indication, if it is proven efficacious in adults and safe to use in pediatric patients. In the future, based on submitted pediatric efficacy studies, complete extrapolation will be implemented. No (n ¼ 6) N/A (n ¼ 0) New Regulatory Approach Require pediatric trials for marketing
Initially extrapolated completely from adults and older age groups to children 6 years of age. Disease is considered sufficiently different to require pediatric trials.
Require two adequate and well-controlled efficacy studies. Secondly, another pattern shift was driven by multiple previous failures. For pediatric type 2 diabetes mellitus (T2DM), the Partial Extrapolation approach was used in all 4 products to demonstrate efficacy in pediatric patients in the past based on the assumed continuity between the adult and pediatric population. 2 Yet only 1 drug, metformin, demonstrated efficacy and was approved for use in children with T2DM; the other 3 products failed to demonstrate efficacy in pediatric patients. Additionally, some notable differences in pathophysiology and clinical manifestations between adults and children were reported. 8 First, children have a higher body mass index and insulin resistance than their adult counterparts. 22 The progression from obesity and insulin resistance to T2DM appears faster in children than adults. 23 Second, children have a shorter latency period and lower glycosylated hemoglobin, in part because there is less time for the development of glucose dysregulation. 22, [24] [25] [26] [27] Finally, children have a higher incidence of ketoacidosis and glucose toxicity at diagnosis. 22, [24] [25] [26] 28 Taken together, for current drug development programs, the FDA changed the approach to No Extrapolation and requires two adequate and well-controlled trials to demonstrate efficacy independently in pediatric patients, as shown in Table 2 .
Thirdly, extrapolation pattern shifts were driven by evolution in market requirements and an increase in products for pediatric only or predominantly pediatric rare diseases. Conduct of clinical trials for disease/conditions that occur predominantly in pediatric patients contributed to the increase in numbers of No Extrapolation.
Additionally, inclusion of previously excluded indications: advances in drug labeling approaches have also increased the total number of products for Complete Extrapolation of efficacy. For example, earlier analysis of pediatric extrapolation did not include birth control products, while this current assessment does. FDA considers the postpubertal adolescent as physiologically similar to young adults, and certain birth control products (n ¼ 11) were approved for the postpubertal pediatric population based on Complete Extrapolation of efficacy from adults. The inclusion of this indication contributed to the increased numbers of Complete Extrapolation in our current analysis. Furthermore, we have also included some examples in Table 3 that extrapolation approaches have not changed over time while the number of products being studied appears different.
The Role of Modeling and Simulation in Extrapolation
The role of modeling and simulation in extrapolation has been discussed over the years. Modeling and simulation allow one to utilize data from other sources, including adults and other pediatric populations, to model/simulate data responses in pediatric population. 29 These approaches have proven useful in dose finding and defining the degree of the similarity in exposure-response relationship between adult and pediatric patients. The reliability of these prior data needs to be ensured by the clinicians for the purpose of modeling and simulation. The role of modeling and simulation in Extrapolation of Efficacy is potentially a powerful tool, but requires further validation and exploration. These data currently include no example where this effort changed the approach to extrapolation.
Extrapolation Framework for the Path Forward
Finally, we would like to offer a few thoughts on the extrapolation framework for the path forward. The determination of an extrapolation approach toward a particular indication/disease is an evolving process informed by experience and new science. To increase the impact of extrapolation, some questions may need to be explored, such as whether or not Extrapolation of Efficacy could be used across indications (ie, antibiotics) and across formulations (ie, extrapolates data from intravenous to subcutaneous). To further enhance the application of pediatric Extrapolation of Efficacy, we need to leverage prior data, including those from all previous adult and pediatric clinical trials. Innovative approaches such as modeling/simulation and Bayesian statistics, built on the human and nonclinical data, may enhance understanding of disease biology and assist in minimizing uncertainties in pediatric extrapolation assumptions. However, the potential roles and functions of the modeling and simulation in Extrapolation of Efficacy still require further exploration and must be based on clinical input. Modeling is a tool that can help inform decision making, but it is new science or new understanding of the pathophysiology or expression of the disease in children that will drive change in Extrapolation activities. 
